We report on the experimental demonstration of laser cooling of a ¿· ion beam performed at the ESR (GSI) at an energy of ½ GeV. The decelerating laser force of one Doppler-tuned UV laser beam was counteracted by moderately bunching the beam. This versatile scheme lead to longitudinally 'space-charge dominated' beams with an unprecedented momentum spread of ¡Ô Ô ½¼ . Concerning beam energy and charge state of the ion, the experiment depicts an important step from the field of laser cooling of ion beams at low energies toward the laser cooling scheme proposed for relativistic beams of highly charged heavy ions at the future GSI facility FAIR.
½ GeV. The decelerating laser force of one Doppler-tuned UV laser beam was counteracted by moderately bunching the beam. This versatile scheme lead to longitudinally 'space-charge dominated' beams with an unprecedented momentum spread of ¡Ô Ô ½¼ .
Concerning beam energy and charge state of the ion, the experiment depicts an important step from the field of laser cooling of ion beams at low energies toward the laser cooling scheme proposed for relativistic beams of highly charged heavy ions at the future GSI facility FAIR.
THE PROSPECT OF LASER COOLING
The cooling of stored heavy ion beams to high phasespace densities is of interest when low momentum spread or high luminosity is required. Ultimately, the reduction of the energy spread far below the mutual Coulomb energy of the ions leads to a phase transition -a crystallization of the ion beam -into a regime where collision dominated heating mechanisms vanish and maximum phase-space density is reached. In the low energy regime this phase transition could recently be demonstrated with laser-cooled ¾ Mg · ion beams in the rf quadrupole storage ring PALLAS [1, 3] . However, as laser cooling relies on the repeated resonant scattering of photons, only a very limited number of ions can be accessed by this cooling technique at existing storage rings, benchmarking and present activities being summarized in [2] .
At heavy ion storage rings like ESR (GSI), electron cooling has developed into a versatile tool for the cooling of highly charged ions independent from their internal atomic properties [4] . As the cooling force (and the inter-ion coupling) roughly increases with the square of the ion charge, beam ordering effects of highly charged ions were observable with electron cooling at extremely low beam currents [5, 6] , where density dependent heating mechanisms become negligible.
In the relativistic regime, that will be accessible at FAIR, the situation might be reversed. Electron cooling cannot be readily applied any more, while the laser force principally increases with the third power of the ion energy [2, 7] . This prediction is based on the fast transition rates in high-Z £ Work supported by the German BMBF 06ML183 Ý www.ha.physik.uni-muenchen.de/uschramm/ few electron systems and the relativistically increased momentum transfer in the head-on scattering of laser photons. Moreover, ground-state transitions of all Li-and most Nalike heavy ions can be reached (Fig. 1) at the large synchrotrons at FAIR [8, 9] enabling efficient laser excitation for cooling and spectroscopy [10] . Bunched beam laser cooling means damping of the synchrotron motion by the strong but narrow-band resonant laser force. For the cw-lasers used in the experiment [11] , the band-width of the force is determined by the linewidth of the transition corresponding to a (final) momentum spread of ¡Ô Ô ¢ ½¼ . Two schemes exist to overcome this mismatch with the initial momentum distribution. The laser-or the bunching-frequency can be continuously tuned from a value where the laser is resonant with ions at the edge of the bucket to a final frequency close to its center [13] . This scheme is presented in Fig. 2 . The second scheme [14, 15] relies on the repeated interaction of the ions oscillating in the bucket with the laser tuned to optimum cooling slightly above to the center of the bucket. For the first scheme, the development of the momentum distribution with increasing cooling strength is depicted in Fig. 3a as a function of the detuning ¡ of the bucket center with respect to the laser resonance. It can be deduced from the envelope of the 'incoherent' side-band spectrum [16] as later discussed with Fig. 4 . The development of the spatial distribution, independently measured for a similar ion current using capacitive pick-up devices, is shown in Fig. 3b . Starting at large detuning, the momentum spread as well as the bunch length both decrease with increasing cooling strength. For less detuning than ½¼¼ Hz, corresponding to ¡Ô Ô ¢ ½¼ , the bunch length remains constant and can be reproduced under the assumption of longitudinally 'space-charge dominated' bunches [17] of constant linear density. At most the first synchrotron sidebands remain visible, so that only an upper limit of momentum spread can be deduced beyond this point. Although the Schottky-signal appears to be weaker due to the suppression of the incoherent synchrotron motion, no ions are lost. The integrated pick-up signal and the beam current monitor do not show unexpected ion losses.
LASER COOLING OF C ¿· IONS
In Fig. 4 individual Schottky spectra are plotted that represent the different stages in Fig. 3a . The initial distribution (a,b) shows a symmetric distribution of 'incoherent' synchrotron sidebands with reduced signal strength in the center. This reduction does not correspond to the Bessel-function description of the modulated spectrum for the given momentum spread [16] and might be attributed to the prior laser heating. Little further, satellites become observable on one side of the even side-bands at a frequency separation of transverse degree of freedom. These effects are presently under investigation as especially indirect transverse cooling is of major interest.
In the 'space-charge dominated' regime the momentum spread cannot be derived from the spatial distribution or the Schottky signal any more. However, laser cooling itself provides a unique diagnostic. Tuning the laser frequency across the Doppler-broadened transition, the momentum distribution can be directly observed via the laser fluorescence signal. In practice, the ion momentum is locally tuned by ramping a drift-tube. The result is depicted in Fig. 5 Summarizing this test experiment on laser cooling of Lilike carbon ions at 1.47 GeV, the full momentum acceptance of the bucket could be laser cooled without prior electron cooling. Yet, the transverse cooling of the injected beam only worked after few seconds of electron precooling. Otherwise, the motion in the different degrees of freedom decoupled and the beam remained transversally hot. For efficient laser cooling of the whole ion bunch, the width of the laser force has to be adapted at least to the momentum range that is given by intra-beam scattering. This is planned to be realized either by a second scanning laser system or by the use of a pulsed laser systems (also providing higher intensities).
